Abstract The production of radioargon through the irradiation of CaO was performed in an in-core facility within the The University of Texas at Austin MARK II TRIGA reactor. The major radioargon isotope produced was 37 Ar via the 40
Introduction
Radioargon, specifically 37 Ar, has been used for detector calibration. 37 Ar sources have been used as a check source for neutrino experiments [1] [2] [3] because of the almost monoenergetic neutrino emitted during the decay to 37 Cl. The 37 Ar samples produced through the irradiation of natural argon gas at The University of Texas at Austin were used to assist in the calibration of an ultra-low-background proportional counter [4] . The production capabilities of an 37 Ar sample with minimal other argon isotopes was examined through this experiment.
The University of Texas at Austin Nuclear Engineering Teaching Laboratory has produced 37 Ar through gas activation [5] in a manner similar to the established radioxenon production procedure [6, 7] . This method entails the irradiation of 0.58 cm 3 of natural argon gas contained in a Teflon valve in the 3L in-core canister. Irradiating natural argon gas via this method produced a small amount of 37 Ar with minimal impurities after the 41 Ar had decayed with a 109 min half-life. In order to produce a pure 37 Ar, the use of enriched 36 Ar gas could be used [5, 8] . The irradiation of an enriched gas will also provide a larger induced activity of the desired radioargon isotope with minimal impurities.
The major production pathway for large-activity 37 Ar samples has been the irradiation of solid calcium-containing compounds. The irradiation of CaO is preferred by scientists with access to a fast reactor system [1] [2] [3] . The 40 Ca(n,a) 37 Ar pathway provides a sample with a limited amount of other argon isotopes. However, the threshold for this reaction is 0.5 MeV and is not the optimal pathway to rely on with a thermal reactor. Past groups had in-core irradiations in fast reactors, with long irradiation procedures, and large solid samples.
In order to minimize the thermal activation of Ca isotopes within the UT TRIGA reactor, the Cd-liner was used in the 3L canister instead of the lead-lined canister. The modified flux profile allowed for a longer irradiation without compromising the activity of 37 Ar produced. With the thermal activations minimized, the overall sample activity was easily in a range where health physics concerns were minimal.
The decision of which calcium-containing compound to use was based on ease of gas separation, minimizing the waste streams, and ability to withstand the heat generated during the irradiation within in Cd-lined facility, shown in Table 1 . The major compounds considered were calcium oxide (CaO), the metallic form, and calcium oxalate (CaC 2 O 4 ). Calcium oxalate allows for the easiest extraction of 37 Ar requiring only a liquid nitrogen-cooled charcoal trap and is relatively chemically inert. However, the compound breaks down to calcium oxide at temperatures of 200 C, which could be reached during the irradiation. Metallic calcium has a high density of calcium and a high melting point. However, the separation of gas from the sample will be extremely difficult and requires multiple steps. Therefore, CaO was chosen for this experiment. CaO is chemically stable at high temperatures and has a high density of Ca. Also, the possibility of removing the produced argon gas is not as involved as the metallic Ca.
Irradiation of CaO
A 2.0 g sample of CaO (Puratronic Ò , 99.998 %-metals basis, excluding other alkaline earth and alkali metals 130 ppm max) was enclosed in a double-walled quartz ampule. The predominant calcium isotope in naturally occurring calcium is the desired 40 Ca, so the additional expense of an enriched sample was unnecessary. The natural abundance of calcium isotopes is shown in Table 2 . The sample was pumped down in ordered minimize gaseous contaminates in the sample tube. A Co-Al neutron flux density wire (NIST SRM 953) was taped to the quartz tube in the center of the sample in order to measure neutron fluence during the irradiation. The sample was wrapped in aluminum foil with a loop at the end to allow the reactor operator to easily remove the sample for the Cd-lined 3L facility. The Cd liner in the 3L canister was used to maximize the fraction of radioargon activity in the sample by minimizing the thermal activations of Ca and surrounding quartz.
The sample was irradiated for 2 h in the Cd-lined Al alloy canister in the 3L facility at 500 kW. The sample and irradiation canister were allowed to decay for 6 h before removal from the reactor. The quartz ampule was placed on a single HPGe detector 12 h after the end of the irradiation. The sample was counted in a position about 7 cm away from the detector. The beginning counting intervals were shorter, which would allow the short-lived isotopes show through even with an extremely active sample. The dominant lines, especially during the early counting, were due to the activation of the quartz.
The first two counting periods showed the appearance of 41 Ar, which was produced via the 44 Ca(n,a) pathway, shown in Fig. 1 . In the subsequent counts, the count time was longer and did not show the presence of any other radioargon isotopes. The sample was counted periodically over the next week to find the signatures of other radioactive products. The 1,524.70 keV peak of 42 K was present in the first seven spectrum and was produced through the 42 Ca(n,p) pathway. The peaks of 43 K at 220.631, 372.760, 396.861, 593.390, and 617.490 keV were also present in the majority of the spectra. The only radiative capture product of Ca that was visible in the spectra was 47 Ca with a 4.536 day half-life as indicated by the 1,297.09 keV gamma-ray peak.
Reactor model
Using the flux profile generated by the MCNPX reactor model, shown in Fig. 2 , and the CINDER90 cross-section library, collapsed cross-sections were generated for the reactions of interest.
r ¼ P 63 i¼1 r i / i P 63 j¼1 / j wherer is the collapsed cross-section, r i is the crosssection at the energy of the ith energy bin, and / i is the neutron flux of the ith energy bin.
The activities of the isotopes of interest were calculated at various time steps in order to optimize the irradiation time, shown in Fig. 3 . Some cross-sections were missing from CINDER90, so ENDF VII.0 cross-section libraries were used for for the calculation of 42 Ca(n,p) 42 K and 44 Ca(n,a) 41 Ar reactions [9] . This experiment was a successful in producing a radioargon sample that is predominantly 37 Ar with a TRIGA reactor via the 40 Ca(n,a) pathway. With the proper detector set-up the production ratios of radioargon isotopes could be determined. This method would provide radioargon production ratios that are much closer to the underground nuclear event signature. If radioargon separation was necessary, it could be achieved through a digestion process that utilizes nitric acid. However, this experiment did not require the separation of the radioargon. Since 37 Ar and 39 Ar are difficult to measure, the induced activities of 37 Ar and 39 Ar were estimated through measurements of other activation products at the end of irradiation. Then the activity of the radioargon isotope of interest was estimated by using a production ratio based on the cross-sections. The cross-sections used were the collapsed cross-sections based on the CINDER90 libraries for 43 K and 47 Ca. The energydependent flux weighted reaction cross-sections used in the calculations are shown in Table 3 . For the upper energy dominated reactions like (n,a), the fission spectrum average cross-section is larger than the collapsed cross-section. However, when the reaction is dominated by thermal neutrons like a radiative capture reaction, the fission spectrum averaged cross-section is much lower than the collapsed cross-section.
The production activities were estimated using the following equation
N yp r yp 1 À e Àk y t i ð Þ : Fig. 1 The gamma spectrum Where A x is the activity of the isotope of interest ( 37 Ar or 39 Ar), A y is the activity of the measured isotope of interest, N xp is the number of atoms of the precursor isotope to produce the isotope of interest (X), r xp is the cross-section for the reaction pathway from isotope xp to x, k is the decay constant, t i is the irradiation time, and t d is the decay time.
The estimated activities and the values from the MCNPX model are shown in Table 4 . The error represented in the table is only a function of the counting and efficiency. This is a gross underestimation of the total error. The largest source of error will be the cross-section libraries, but there was not a straight forward or consistent way to calculate this error.
There is also the error contribution due to the geometry of the sample and the heterogeneous distribution of the different elements within the quartz ampoule. For example, the argon isotopes would be more likely to be evenly distributed through the length of the quartz ampoule. The calcium isotopes are more likely to be situated in the bottom of the ampoule where the CaO powder was placed.
Conclusion
The presence of 41 Ar induced through 44 Ca(n,a) pathway, 42 K through the 42 Ca(n,p) pathway, 43 K through the 43 Ca(n,p) pathway and 47 Ca through the 46 Ca(n,c) pathway allowed for the approximation of the 37 Ar and 39 Ar activities produced. The UT TRIGA MCNPX model predicted a 37 Ar activity of 1.156x10 6 Bq. Our production ratios with the experimental system estimated activities on the average of 1.83E6 Bq. The UT TRIGA MCNPX model predicted 39 Ar activity of 7.68 9 10 -2 Bq, but the production ratios gave an average estimate of 0.122 Bq.
The lower experimental values are partially attributed to the unusual shape of the quartz sample, which would decrease the detector efficiency. The largest difference between the production ratio derived radioargon activities and the model activities was found using the 41 Ar activity. The quartz ampoule remained sealed, so the distributions of activation products remain unknown. However, a few estimations were made to try to explain the deviation in activities in the generated by the production ratio UT TRIGA model calculations. Since 41 Ar is a gas, it is assumed that the gas moved freely through the quartz ampoule. The potassium and 47 Ca would be more likely to stay in the bottom of the ampoule with the white powder. Therefore, the effective length of the sample is shorter, Fig. 3 The activity induced of isotopes of interest at different time steps assuming a position in the Cd-lined 3L facility at 500 kW which would improve the detection efficiency. For sample with different shapes, the efficiency calculation should consider the geometry. The CINDER90 collapsed cross-section libraries did a better job of predicting the actual activity than the average fission spectrum reaction cross-sections. This can be seen by the closer radioargon activity calculations using 47 Ca and 43 K activities and CINDDER90 cross-section libraries. This could show that the 40 Ca(n,a) 37 Ar reaction crosssection should have the 1/v thermal relationship, which both the ROSFOND [10] and Riedmann and Purtschert [11] use. It could also show the epithermal neutrons made a significant contribution to the reaction cross-section.
The irradiation of CaO for 37 Ar production is not the optimal method for the UT TRIGA reactor. The 2 h irradiation time and 500 kW power level used are the maximum time periods allowed for the Cd-lined 3L facility. Also, the radioargon separation procedure would include several liquid steps using nitric acid, which would in turn produce liquid radioactive waste. The waste streams are unnecessary and difficult to store. The irradiation of calcium-containing compounds for radioargon production is a viable method for fast reactors. Future 37 Ar production should avoid this method considering the ease of gas irradiation using the thermal neutron spectra.
The production of 37 Ar produced through the irradiating calcium-containing compounds was successful. The Ar gas irradiation methods are an optimal fit for the mainly thermal flux of the UT TRIGA reactor. The computation model improved the approximation of the produced radioargon isotopes. The UT TRIGA MCNPX reactor model improved the calculation of the induced radioargon activities of the radioargon isotopes that do not decay via gamma ray emission. However, the limiting factor of this method is the cross-section libraries. Unfortunately the radioargon crosssection libraries do not agree (CINDER90 vs. JEFF 3.1).
The ROSFOND data libraries [10] have incomplete crosssection libraries.
